A B S T R A C T The placental transfer of cholesterol (5-cholesten-3P-ol) was investigated by giving pregnant rhesus monkeys cholesterol-la-mH or cholesterol-4-"C and then determining the cholesterol specific activity (SA) In other studies a single intravenous dose of radioactive cholesterol was given to either mother or fetus in late pregnancy. The time for detectable passage across the placenta in either direction was between 4 and 24 hr. With maternal administration of the isotope, there was equilibration of maternal and fetal serum cholesterol SA after 10-12 days. With fetal injection of isotopic cholesterol, however, the maternal cholesterol SA never attained a level more than 5% of fetal SA. This indicated that the net cholesterol flux was strongly in the direction of mother to fetus.
A B S T R A C T The placental transfer of cholesterol (5-cholesten-3P-ol) was investigated by giving pregnant rhesus monkeys cholesterol-la-mH or cholesterol-4-"C and then determining the cholesterol specific activity (SA) in maternal serum and in fetal serum and tissues. An isotopic steady state was established in five pregnant animals by the daily feeding of a tracer dose of cholesterol-4-"C. Comparison of maternal and fetal serum cholesterol SA revealed that an average of 42.6% of the serum cholesterol in the term fetus originated by transfer from the maternal blood. The remainder presumably arose by fetal synthesis de novo. Fetal tissues had cholesterol SA equal to or slightly less than that of fetal serum, except for brain which had a SA only 5% that of fetal serum.
In other studies a single intravenous dose of radioactive cholesterol was given to either mother or fetus in late pregnancy. The time for detectable passage across the placenta in either direction was between 4 and 24 hr. With maternal administration of the isotope, there was equilibration of maternal and fetal serum cholesterol SA after 10-12 days. With fetal injection of isotopic cholesterol, however, the maternal cholesterol SA never attained a level more than 5% of fetal SA. This indicated that the net cholesterol flux was strongly in the direction of mother to fetus.
Serum cholesterol levels were significantly greater in maternal than in fetal serum (80.3±18.5 vs. 59.6±15.6 mg/100 ml). Maternal serum cholesterol concentration in the monkey was significantly lower in late pregnancy than during the puerperium. Studies of breast nlilk indicated that approximately two-thirds of milk cholesterol was transferred from the maternal blood.
INTRODUCTION
The origin of fetal cholesterol-whether transferred from the maternal blood or synthesized de novo by the fetushas long been a matter of interest. Experimental studies of this problem have produced seemingly contradictory results. Early studies in the rat indicated a limited degree of transfer of deuterium-labeled cholesterol from mother to fetus (1). Popjak and Beeckmans (2) , on the other hand, found no evidence of placental transfer of radioactive cholesterol in the rabbit. They concluded that fetal cholesterol originated entirely by fetal synthesis. Chevallier (3) produced an isotopic steady state in pregnant rats by feeding cholesterol-4-14C and found that 60-70% of the cholesterol in the 12 day fetus was of maternal origin while only 10-15% of the cholesterol in the term fetus originated from the mother. Connor and Lin (4) determined that 22% of the fetal cholesterol in the guinea pig was of maternal origin and further found evidence of maternal-fetal transfer of cholesterol within 2 days in the pregnant rabbit.
The present report concerns placental transmission of isotopic cholesterol in a primate, the rhesus monkey (Macaca mulatta). The placenta of the rhesus macaque is hemochorial in type and is both structurally and functionally similar to that of the human in that the maternal and fetal circulations are separated by only two cell layers. In addition to placental transfer, the concentration of radioactive cholesterol in various fetal tissues was measured, permitting certain conclusions about the origin of tissue cholesterol. Other aspects of cholesterol metabolism during pregnancy and the puerperium, including the excretion of cholesterol into breast milk, were studied.
METHODS
Two types of investigations were done-steady-state studies in which an isotopic steady state was established in the pregnant rhesus monkey by the feeding of radioactive cho-lesterol in the daily diet and single dose studies in which an intravenous injection of the labeled cholesterol was given to either mother or fetus. The labeled forms of cholesterol used were cholesterol-4-"C (SA 55.2 mCi/mmole, New England Nuclear Corp., Boston, Mass.) and cholesterol-la-'H (SA 10.4 Ci/mmole, Amersham/Searle Corp., Arlington Heights, Ill.). Before use, the purity of the isotopes was verified by thin-layer chromatography (TLC) as described by Mangold (5) .
Steady-state studies. Five pregnant monkeys, estimated to be in the midportion of pregnancy, were fed a daily dose of 2 ,uCi cholesterol-4-"C to achieve an isotopic steady state. The daily ration consisted of 100 g of Purina monkey chow (Ralston Purina Co., St. Louis, Mo.) which has a low cholesterol content (9.6 mg cholesterol/100 g analyzed by us) and contains approximately 5%'o fat. An ether solution containing 2 uCi cholesterol-4-"C, 1 mg nonradioactive cholesterol, and 2.5 g peanut oil was mixed with 100 g of this chow and the ether solvent then evaporated. Even distribution of the isotope in chow prepared this way was verified by determining radioactivity of small portions of the chow selected at random. At weekly intervals, fasting blood samples were drawn from a maternal peripheral vein and the concentration and SA of serum cholesterol were determined. The weights of the monkeys were measured weekly. Their mean body weights increased from 6.15 kg 5 wk before parturition to 6.46 kg at parturition. The mean weight decreased from 5.42 kg the 1st wk after birth to 4.83 kg 5 wk later.
Three of the animals were delivered by hysterotomy. The other two animals gave birth spontaneously before scheduled abdominal delivery and the young were separated from their mothers within eight hr of birth. All newborns were healthy and appeared at term. Their weights were 336-516 g. Blood specimens were obtained from the newborns by cardiac puncture; they were later killed by intracardiac pentobarbital. A variety of fetal tissues was taken for analysis. The intestinal contents were washed from the mucosa with saline. The intestinal segments were divided into mucosal and muscular wall components for separate analyses by scraping off the mucosa with a spatula. Milk was expressed from the breasts of each of the mothers on the 2nd day after delivery. Maternal blood collection was continued at weekly intervals into the puerperium.
Single dose studies. Cholesterol transfer from mother to fetus after maternal intravenous injection was investigated in a total of 11 animals. In two of these monkeys (A and B), the early maternal-fetal transfer of cholesterol-4-"C was studied during the 1st 4 hr after administration in pregnant animals near term (fetal weights subsequently found to be 368 and 402 g). For these studies, the pregnant monkeys were premedicated with phencyclidine hydrochloride (Sernylan, Parke, Davis & Co., Detroit, Mich.) 2 mg/kg and atropine 0.1 mg intramuscularly, and anesthetized with ethyl ether. The abdomen was then opened and the uterus was transilluminated for identification of interplacental vessels (6) . An interplacental vein was catheterized with a silastic T tube (Extracorporeal Medical Specialties, Inc., King of Prussia, Pa.). This then permitted sequential sampling of fetal venous blood with the fetus in utero and the amniotic sac intact. After injection of a sterile solution of 10 or 15 ,uCi cholesterol-4-"C in 0.5 ml ethanol and 2.5 ml normal saline into a maternal peripheral vein, samples of maternal (from a catheter in the maternal vena cava) and fetal blood were obtained at 30-min intervals for 3 or 4 hr. At the end of this time, the fetus was delivered by hysterotomy. In each instance, the newborn was vigorous and breathed spontaneously within 30 sec.
Cholesterol transfer from mother to fetus over periods of time ranging from 1 to 26 days was investigated in nine other monkeys (C through K) estimated to be in late pregnancy. In these experiments, cholesterol-la-3H (40,ACi) was injected into a maternal saphenous vein. Maternal blood was collected at intervals of 1-3 days until delivery and cholesterol concentration and SA were determined.
In four of these nine animals, laparotomy was performed 5 or 7 days after maternal injection of cholesterol-la-3H. An interplacental vein was identified, isolated, and punctured with a 25 gauge needle. Fetal venous blood was withdrawn for determination of cholesterol content and SA. Cholesterol-4-"C (10 ,uCi) was then injected into the fetal circulation. By applying pressure to the puncture site for approximately 5 min, bleeding was controlled without ligating the vessel. The uterine and abdominal incisions were then closed and pregnancy was permitted to continue. Maternal blood samples were drawn from a peripheral vein 1 and 4 hr after fetal isotopic injection and at 1-to 3-day intervals thereafter until delivery 3-19 days later. The SA of both cholesterol isotopes was determined.
Two of these nine monkeys (G and H) delivered vaginally 8 and 11 days, respectively, after maternal administration of cholesterol-la-3H; the other seven were delivered by hysterotomy. Fetal blood was collected by cardiac puncture in all newborn monkeys.
Sample analysis. In all experiments, cholesterol was extracted from serum, milk, and tissues and its concentration and SA were determined. The cholesterol concentration of serum and milk was measured by the method of Abell, Levy, Brodie, and Kendall (7). For the determination of radioactivity, the serum and milk were saponified with potassium hydroxide and the nonsaponifiable residues extracted with hexane, dried and dissolved in 10 ml scintillation mixture (2,5- forms of cholesterol were used in the same animal, the use of the dual label setting permitted differential counting of "C and 'H activity. That radioactivity in serum and liver extracts was confined to the cholesterol molecule was verified by TLC. Lipids were chromatographed on a silica gel plate (solvent system hexane: chloroform: ethyl ether: acetic acid 80: 10: 10: 1) for fractionation into phospholipids, cholesterol, triglycerides, and cholesteryl esters. The band of each lipid was eluted with chloroform and its radioactivity determined. More than 95% of the radioactivity in fetal sera and liver examined in this manner was contained in the cholesterol and cholesteryl ester bands. That the sterols in the cholesterol and cholesterol ester bands were actually cholesterol (5-cholesten-3p-ol) was established as follows: eluents of the TLC plates were hydrolyzed to free form by saponification, converted to the trimethylsilyl ether derivatives of the sterol, and subjected to gas-liquid chromatography; single peaks with the same retention time as that of pure cholesterol standard were found.
Statistical analyses were carried out by the t and the "sign" tests (9) .
RESULTS
Steady-state studies. The five pregnant monkeys fed a constant amount of cholesterol-4-"C in the daily diet reached an isotopic steady state 4-7 wk after isotope feeding was begun (Fig. 1) . Table I depicts the levels and specific activities of maternal and fetal serum cholesterol in these five animals at the time of delivery. Both absolute concentration and SA of cholesterol were higher in maternal than in fetal serum. The mean value of fetal serum SA expressed as a proportion of maternal serum SA was 42.6% (range 37.1-47.3%).
With the exception of brain all fetal tissues had cholesterol SA at least two-thirds that of fetal serum (Table II). As expected, since blood and liver are both components of the same cholesterol pool, the liver cholesterol SA was identical with that of serum. Heart muscle SA was also high but the cholesterol SA of skeletal muscle was lower (67.8% of serum SA). The intestinal specific activities ranged fro,m 57.4 to 77.9% of serum and were similar for both the mucosa and the muscular wall components. The specific activities of ileal and colon contents ranged from 33.1 to 56.1% of fetal serum. Of three fetuses whose jejunal contents were examined, two contained no detectable cholesterol while the third had SA approximately the same as serum. Amniotic fluid, obtained from two monkeys, had the same specific activities as fetal serum. The fetal brain had low but de- (Table III) . Some other tissues had higher cholesterol concentrations than adult monkeys (10), skeletal muscle 5.8 mg (fetus) vs. 1.8 mg (adult)/g of tissue; heart muscle 8.4 vs. 3.3 mg; liver 12.1 mg vs. 8.5 mg. Amniotic fluid had a low cholesterol concentration (1.6 and 7.5 mg/100 ml).
Single dose studies. Maternal-fetal transfer. In the 11 monkeys in which the radioactive cholesterol was administered to the mother, no radioactivity was detected in the fetal blood during the subsequent 4 hr (monkeys A and B, Table IV) despite high concentrations of radioactivity in the maternal circulation. However, evidence for cholesterol transfer into the fetal circulation was clearly demonstrated by 24 hr, fetal serum cholesterol SA reaching 1097 and 1333. By 7-9 days the ratio of fetal to maternal cholesterol SA had reached 0.55 (mean of five studies) and by 14-17 days the ratio exceeded unity. The final 26 day ratio was also above unity, 1.16 (SA). These data confirmed that cholesterol transfer into the fetus occurred, but gradually, and further suggested a precursor-product realtionship in which the transfer in the opposite direction (i.e., fetus to mother) did not occur to the same extent. The SA ratios above unity at a time when the expected exponential decay of mnaternal cholesterol SA was occurring indicated the possibility of relatively poor exchange.
Fetal-maternal transfer. Four fetuses were given isotopic cholesterol intravenously and the possible transfer across the placenta into the maternal circulation then studied (Table V) . During the 1st 4 hr after fetal administration, no radioactivity was detected in the matemal blood in two animals and low levels in the other two animals. By 24 hr after fetal injection, all mothers had significant amounts of radioactive cholesterol in their sera. Subsequently, maternal levels increased further for 1-2 days, then appeared to decline. In all instances, however, the ratios of maternal to fetal cholesterol SA were very low, ranging from 0.019 (monkey G) to 0.045 in monkey K at 19 days after the fetal injection of the isotope. It is apparent that only trace amounts of cholesterol moved across the placenta from fetus to mother. Maternal-fetal serum cholesterol levels. For all 16 animals of the study, the mnean maternal serum cholesterol concentration at delivery was 80.3 (±18.5 SD) mg/100 ml while the mean fetal serum cholesterol concentration was mately two-thirds of cholesterol in breast milk was transferred from the maternal blood since the secretion of milk involves a net production or transfer and not exchange (i.e., a precursor-product relationship).
Since two of the monkeys (I and IV) gave birth spontaneously during the night, it was conceivable that these newborns could have suckled radioactive milk and thereby have changed their serum SA. For the investigation of this possibility, the stomach contents of these newborns were analyzed and found to have cholesterol specific activities values of 11 and 59% of neonatal serum. These values were similar to those of the stomach contents of the three monkey-s delivered by hysterotomy and examined immediately after birth. MIoreover, the serum cholesterol specific activities of the animals born vaginally did not differ appreciably from those delivered abdomiiinally. Therefore, we concluded that any possible ingestion of milk containing radioactive cholesterol had little effect on the serum values obtained. DISCUSSION The experiments described in the pregnant rhesus monkey demonstrate conclusively that there was a net transfer of cholesterol from the maternal circulation into the fetus. The mere finding of isotopic cholesterol in the fetus could indicate only an exchange of cholesterol molecules between mother and fetus and not necessarily a net accumulation of cholesterol from the mother into the fetus. Net transfer was proven by experiments in which labeled cholesterol was given either to mother or fetus and the specific radioactivities of maternal and fetal blood then compared. Flux of cholesterol into the fetus occurred readily. Even in these experiments the period of time required for equilibration of fetal isotopic cholesterol with that of the mother suggested that the fetus as a whole was a component of a more slowly turning over pool, similar to pool B as described by Goodman and Noble (11) . This eventual equilibration from mother to fetus was not matched by comparable equilibration from fetus to mother. The amount of feto-maternal transfer was very slow. Even when 19 days after fetal administration was allowed for equilibration, the maternal SA remained less than 5% of the fetal SA. This indicated a positive gradient of cholesterol flux from mother to fetus in the pregnant primate. An even stronger positive gradient has been previously demonstrated in the chick embryo which quantitatively derives all of its cholesterol from the yolk of the egg (12) . Even considering the small-cholesterol pool size of the fetus vs. the larger pool size of the mother (roughly 1 to 15), the dilution of fetal cholesterol transferred to the mother could not account for the very low maternal cholesterol SA (e.g., in monkey J, 598 compared with 17,542 in the fetus) unless the rate of transfer was extremely slow and incomplete.
In the experiments involving an isotopic steady state in pregnant monkeys, it is possible to make quantitative Mean±SD of weekly determinations throughout the last 4-6 wk antepartum. * Mean±SD of weekly determinations throughout the first 6 wk post partum. our finding that some 40% of the serum cholesterol in the term rhesus fetus is transferred from the mother suggests that considerable species variation exists. Previously reported values for the proportion of cholesterol in the term fetus derived from maternal sources as cholesterol include 15-20% in the rat (3) and 22% in the guinea pig (4). Thus, it appears that the mnonkey fetus derives a greater proportion of its cholesterol from maternal-fetal transfer than does the rodent. In view of the marked similarity between human and macaque in fetoplacental physiology (14) , it seems reasonable to postulate that a similar situation may occur in humans.
The hypothesis that amniotic fluid is derived from a secretion emanating from the placenta or umbilical cord is supported by the similarities of the amniotic fluid cholesterol SA to that of fetal serum. Clearly amniotic fluid could not have been derived from other fetal tissues having lower cholesterol SA.
The striking fall in maternal serum cholesterol during pregnancy in the rhesus monkey and its prompt rise to prepregnant levels within a week of parturition have been previously described (15, 16) and were confirmed in the prese-nt study. Similar though less marked effects have been reported in the baboon (17) . The explanation of this change in serum cholesterol in subhuman primate pregnancy is unclear. In humans, the opposite situation occurs; the serum cholesterol increases during pregnancy and decreases post partum (18) . The monkeys consumed a relatively low cholesterol diet (10 mg/day) suggesting that a difference in rate of intestinal absorption from dietary sources is unlikely. However, there could be differences in the absorption of endogenous cholesterol. Three other possible explanations remain. First of all, a continuous net transfer of cholesterol from mother to fetus during pregnancy could account for part of the change after pregnancy when this maternal loss would no longer be occurring. Secondly, cholesterol is used as a precursor in steroidogenesis by the feto-placental complex (19) ; after delivery hormone production falls and this extensive use of cholesterol no longer occurs. A third explanation probably lies in the dilution of maternal cholesterol pools by increased tissue mass and extracellar spaces. An increase in blood volume would account for part of this but other factors, such as the placenta, the coliceptus, anid the pregnant uteruis, milust be involved as well. All of these growinig organls have a nieed for structural cholesterol whicli comes in part from inaternal plasma. In the puerperiuin these ileeds no longer exist. The niyonietrium undergoes remarkable regression, resulting in a marked reduction in its total cholesterol content. This excess cholesterol thus may enter the body's labile pools.
Unexpected was the finding that the serum cholesterol SA did not change when the serum cholesterol doubled during the puerperium. Ordinarily, with a virtually cholesterol-free diet and a presumably constant intake of isotopic cholesterol, a doubling of the serum cholesterol level, if from nonlabeled sources, would have reduced the serum cholesterol SA by 50%. Since no reduction in SA occurred, the increased number of labeled cholesterol molecules (their plasma number must have doubled also) must have been derived from previously labeled tissue cholesterol such as the gravid uterus and the mammary glands which would be undergoing profound regression in the puerperium. A contraction of the blood volume after delivery also occurs. This process could also supply labeled cholesterol of a high SA. The cholesterol concentration in breast milk obtained by expression on the 2nd day after delivery varied from 19 to 51 mg/100 ml, values which are similar to reported levels in human milk. Comparison of cholesterol specific activities of milk and serum indicated that approximately two-thirds of milk cholesterol resulted from transfer from maternal blood, with the remainder presumably originating from mammary gland synthesis (2, 20) . Comparable reported values for the proportion of milk cholesterol derived from maternal blood include 80 and 83% in the rat (2, 21) and 28-45%, in the guinea pig (22) .
